Fluorescent thermosensers in live cells are reviewed.
INTRODUCTION
Endothermic species such as humans employ multiple strategies to maintain thermal homeostasis. They produce heat by sustaining an active metabolism and by sacrificing fuel efficiency. Some of these mechanisms increase ATP hydrolysis and are related to metabolic cycles and maintenance of the cationic gradient across membranes in liver, muscle, and brown adipocytes. Others derive heat from the proton-motive force of aerobic electron-transport via a regulated proton leak in the mitochondria of brown adipose tissue [1] [2] [3] . Obtaining data describing the patterns of thermal changes at subcellular resolution in the native cellular configuration could reveal physiologically relevant spatio-temporal information.
Earlier studies of conventional thermometers utilized infrared (IR) techniques.
IR thermography is non-invasive and has reasonably good temperature resolution, but only moderate spatial resolution (up to 10 μm). Furthermore, it can only monitor the cell surface [4] . Recently, detection of heat production from a single cell was reported by a mechanical microresonator with a sensitivity of 1 mW [5] , but these techniques are also unable to measure intracellular temperatures and inside of the cell mass. In order to observe intracellular temperature distribution, the molecular thermometers should simultaneously satisfy multiple requirements: high temperature resolution; high spatial resolution; functional independence from environmental changes in pH, ionic strength, and surrounding biomacromolecules; and a concentration-independent output. Notably, the absence of any of these features obstructs intracellular temperature mapping [6] .
Fluorescent thermosensors have attracted much attention because they allow direct measurement of intracellular temperature. They are also superior to contact thermometers in monitoring temperatures within the micro-/nanometer range because there is no interference from the medium between the probe and the evaluated object.
Here, we will discuss the wide scope of intracellular thermometers and their features (summarized in Table 1) , and explore some of the interesting physiological discoveries made using these sensors.
ORGANIC AND INORGANIC MATERIAL-BASED THERMOSENSORS

Inorganic material based thermosensors
To date, several thermal sensors based on inorganic materials have been reported. One approach uses the temperature-dependent phosphorescence intensity of the rare earth chelate Eu-TTA (europium (III) thenoyltrifluoro-acetonate) [7] [8] [9] [10] [11] . This thermosensitive dye was used to image intracellular heat waves evoked in Chinese hamster ovary cells after activation of the metabotropic m1-muscarinic receptor [7] .
Fast application of acetylcholine onto the cells evoked a biphasic heat wave that was blocked by atropine, and after a brief delay was followed by a Ca 2+ wave. Atropine alone produced a monophasic heat wave in the same cells, suggesting that its interaction with the receptor activates some intracellular metabolic pathways. This approach, however, does not have the spatial resolution to monitor subcellular events [7] .
Quantum dots are another example of inorganic material-based thermosensors [12] [13] [14] . They exhibit superior brightness for detection, and are resistant to pH and other environmental variations that are expected to affect intracellular conditions. The spectroscopic characteristics of quantum dots have been shown to be a strong function of temperature both at the bulk and at the single-particle levels. and organelle function [6] .
Nanodiamond thermometry
The third approach uses coherent manipulation of the electronic spin associated with nitrogen-vacancy color centers in diamond. ideal if the sensor can be targeted directly to the organelles where the heat is generated.
In these points of view, each category of technique has its own unique properties, and the characteristics and advantages/disadvantages of these methods are summarized in Table 2 .
Conventional IR thermography is non-invasive and causes no cellular damage but has very poor spatial resolution (~10 m). In contrast, a quantum dot, synthetic polymer or nanodiamond sensor of ~100 nm diameter can be incorporated into cells by microinjection or with the assistance of nano-wire to give spatial resolution at the diffraction limit. These sensors also possess excellent temperature resolution, with nanodiamonds able to measure intracellular fluctuations of as low as 0.05 °C. Cellular delivery is, however, highly invasive, and once inside the sensor is diffusely distributed, and thus probably reports only global temperature changes. It is very challenging to target these molecules to specific organelles.
The genetically encoded sensor system overcomes the problem of invasivity by using sensors expressed through endogenous transcription/translation and targeting apparatus. The transfection of these encoding genes might be deemed invasive, but they induce expressing of the sensor proteins without any further disruption of cellular 
Visualization of thermogenesis in organelles
A major strength of the genetically encoded system is the ability to use signaling peptide sequences to achieve sub-cellular targeting (e.g. tsGFP1-mito to mitochondria). Interestingly, tsGFP1-mito showed heterogeneity with respect to the ex405/ex488 ratio under different conditions, despite the fact that the sensor was evenly expressed across the entire mitochondrial population. A subpopulation of tsGFP1-mito showed a prominent decrease in the ex405/ex488 ratio upon application of carbonyl (Figures 3a and 3b ) [6] . This may originate from its intense activity (e.g. DNA replication, transcription and RNA processing) and/or from its structural separation by the nuclear membrane. Strikingly, this temperature gap between the nucleus and cytoplasm was affected by the cell cycle: the nucleus was warmer (by 0.70 °C on average) in cells synchronized to the G1 phase, whereas there was little temperature gap in S/G2-phased cells [6] .
Visualization of endogenous thermogenesis
Endothermic species produce heat by various mechanisms. One example is heat derived from the proton-motive force of aerobic electron transport in the mitochondria of brown adipose tissue. To assess mitochondrial thermogenesis directly, brown adipocytes isolated from cold-exposed rats were infected with an adenovirus encoding tsGFP1-mito. In the cells expressing tsGFP1-mito, norepinephrine, a physiological stimulator of thermogenesis in brown adipocytes, decreased the ex405/ex488 ratio, whereas DMSO (vehicle) showed no such response (Figures 2b and   2c ). Thus, tsGFP1-mito allowed the first direct observation of the altered endogenous thermogenesis process in brown adipocytes and the correlation of subcellular thermal distribution with a specific physiological response [25] .
Skeletal muscle is also a major source of non-shivering thermogenesis in many birds and animals [34] . Although controversial [32], a mechanism has been proposed that relates thermogenesis to reactions involving ATP turnover by the sarco-endoplasmic reticulum Ca 2+ -ATPase (SERCA) [35] . Application of cyclopiazonic acid (CPA), a reversible inhibitor of SERCA, increased the ex400/ex480 ratio in differentiated, but not undifferentiated, tsGFP1-ER-expressing C2C12 myotubes. In differentiated myotubes, the expression of SERCA1, the only active subtype in fast muscles, was increased.
Therefore, tsGFP1-ER can be used to directly visualize SERCA1-mediated thermogenesis in myotubes, and may help to resolve the controversy around non-shivering thermogenesis [25] .
CONCLUSIONS
The methods presented here each have advantages, such as high spatial resolution, good temperature accuracy, high biological compatibility, and easy-to-detect readout. Another major advantage is non-invasive application of sensors to monitor temperature in specific organelles, and this property will be especially useful in elucidating the intimate cellular processes involved in heating at the single intact cell level. The next goal will be to quantify actual heat production and its effect on whole cell temperature fluctuations, with a view to ultimately using these sensors in vivo by 
